Abstract This paper deals with the numerical modelling of electromagnetic losses in electrical machines, using electromagnetic field computations, combined with advanced material characterisations. The paper gradually proceeds to the actual reasons why the building factor, defined as the ratio of the measured iron losses in the machine and the losses obtained under standard conditions, exceeds the value of 1.
Introduction
During the last decade, there has been a vast amount of research worldwide to gain a deeper insight into the magnetic behaviour of electrical steel sheets, used in rotating electrical machines. The standard method for characterisation and qualification of electrical steel is based on unidirectional sinusoidal flux excitation at 50 or 60 Hz. Generally, the measured iron loss in electrical machines exceeds the value which is obtained by multiplying the weight of the steel in the machine by the loss density specified by standard qualification methods. This difference is taken into account by the building factor ( Nakata, 1984) , defined as the ratio of the measured iron losses in the machine and the losses obtained under standard conditions. Among the reasons for this building factor to exceed the value of 1, one should mention: non-uniform flux distribution due to local saturation, harmonics in flux patterns (Cester et al., 1997) , local rotational magnetisation, short-circuit between neighbouring laminations ( Marion-Pera et al., 1994) , changes in the magnetic characteristics due to the mechanical and thermal treatment of the material during the construction of the machine, etc. The analysis of the local flux patterns and of the local iron losses in electrical machines has been strongly stimulated and facilitated by the impressive progress in advanced numerical methods. The results from this analysis can lead to interesting suggestions for the improvement of the efficiency of the electrical machine. We provide in this
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paper a deeper insight into the evaluation of the electromagnetic losses in asynchronous machines.
2. Magnetic and mechanical conditions 2.1 Local flux patterns Local flux patterns are calculated by the electromagnetic field computations performed by finite element (FE) techniques in which the material properties are described by a single valued magnetisation curve obtained from Epstein-frame measurements. In the paper, we consider an 18 kW 4 pole asynchronous machine. The stator has a single layer winding with four slots per pole and per phase. The rotor has 40 unskewed closed slots. The star connected 18 kW induction machine has been tested at no-load. Two supplies have been chosen for the motor. The first test category was carried out with a sinusoidal supply and the second one with a voltage source inverter. For both types of supply, FE computations were performed in order to study the local fluxpatterns in the machine. The B-loci in the points indicated in Figure 1 are presented in Figures 2 and 3 for the sinusoidal and inverter supply, respectively. The induction in point 1 varies along one space direction and shows higher harmonics due to non-linear effects (in particular 3rd and 5th harmonics) and slot effects (19th and 21st harmonics). The induction in the yoke ( points 3 and 4) and near the tooth yoke interface (point 2) is clearly rotational, showing slot harmonics to a minor extend. Figure 4 shows the agreement between the computed flux patterns in the machine and the flux patterns measured using pick up coils positioned in the machine as shown in Figure 1 . When the material characteristics in the field computations are modified in a realistic way, the fluxpatterns in the machine are almost the same 
Alterations brought on by the production process
The performance of the electrical machines may be affected by mechanical stresses in the steel resulting from mechanical or thermal manufacturing processes. Indeed, these processes alter the magnetic properties near the cutting edges. Understanding, quantifying and modelling these alterations is still a difficult task. In the work of Dupré et al. (1998) , modification of the magnetic properties, such as permeability and electromagnetic losses due to punching, laser cutting or erosion was observed on stacked ring cores. The modifications of the magnetic properties due to local plastic strains and internal stresses may be identified by studying the evolution of the Vickers micro-hardness over the tooth width (Ossart et al., 2000) . The hardness is very large close to the edges, where plastic strains are large, and rapidly decreases as the distance to the edge increases, reflecting the local effect of stresses. During assembling, the producer usually fixes the core by means of compression. It should be noted here that the value of compression rarely exceeds 8 MPa. This is far below the yield stress of electrical steels, but has considerable impact on anisotropy and may cause additional losses. 3. Electromagnetic losses Based on the computed field maps inside the machine, the local magnetic excitation conditions for the magnetic material can be derived. Models which consider complex magnetic conditions, including the effect of mechanical stress, must be derived in order to calculate the electromagnetic behaviour and the corresponding electromagnetic losses.
3.1 Unidirectional flux excitation 3.1.1 Statistical loss theory. In the statistical loss theory (Bertotti, 1988) , it is stated that the iron losses in laminated materials can be separated into the hysteresis loss P h ¼ W h f ; the classical loss ("eddy current loss") P c ¼ W c f and the excess loss P e ¼ W e f ; the latter due to extra induced currents because of the domain structure. In the framework of the standard loss model and its extension to non-sinusoidal induction, the concept of loss separation is crucial for the accurate prediction of the energy losses. Let us consider the case where the periodic time dependence of the induction B a (t) can be described by means of the Fourier series B a ðtÞ ¼ S n B pn sinð2pft þ f n Þ: In the usual case of symmetric hysteresis loops, only odd harmonics are considered. The theory developed by Fiorillo and Novikov (1990) shows that a theoretical expression for the total energy loss per unit volume is given by
where s is the electrical conductivity, d is the lamination thickness, S is the lamination cross-sectional area, G ¼ 0:1357 and the parameter V 0 is the well known internal field depending on microstructure. It should be mentioned that the hysteresis loss component W h is independent of distortion, provided there are no local minima in the induction waveform. It is nonetheless important to point out that also in this case the formulation of the classical and excess losses remains valid. An objective limitation of this approach, intrinsic to the physical modelling of losses, is the requirement of complete flux penetration in the lamination cross-section. 3.1.2 Advanced characterisation. A material hysteresis model which provides a description of the time-dependent relation between the magnetic field strength and the magnetic induction in ferromagnetic materials (e.g. SiFe) is required for an accurate analysis of the material behaviour under complex magnetic field conditions.
In the case of unidirectional magnetisation, one of the most widely used models for magnetic hysteresis is the scalar Preisach model (Bertotti, 1998 where P (a, b) is the Preisach distribution function ( PDF). The identification of the PDF P(a, b) can be performed in different ways (De Wulf et al., 2000; Everett, 1955; Mayergoyz, 1991) . On the other hand, "black box" input-output mathematical models, based on artificial neural networks (ANN), are emerging as a powerful modelling tool and could form an alternative to hysteresis modelling techniques like the Preisach model. Feed forward neural networks (FFNN) have the property to approximate any non-linear function of an arbitrary number of input and output parameters, using standard algorithms. A FFNN hysteresis model offers the same accuracy as the classical scalar Preisach model (Makaveev et al., 2001) . Here, the neural network topology and input parameters are chosen based on the properties of the Preisach model.
Based on the loss separation property of SiFe alloys also dynamic hysteresis, i.e. the relation between the time dependent B a (t) and H s (t) with
Bðz; tÞ dz; z-axis orthogonal to lamination ð3Þ and with H s (t) denoting the magnetic field at the surface of the lamination, can be treated conveniently. The quasi-static field H hyst (t) and the dynamic field H dyn ðtÞ ¼ H c ðtÞ þ H exc ðtÞ; (Figure 5 ), can be associated with the corresponding loss components for each time point t, leading to the following expression for the instantaneous power loss P tot (t) at time t:
The quasi-static and dynamic contributions can thus be treated independently. The first model for dynamic hysteresis starts from the B a H hyst -relation, obtained from the Preisach model, describing the quasi-static (hysteresis) behaviour of the material. To obtain the B a H s -loop, the total field at the surface of the lamination H s (t) is obtained at each time point as the sum of the hysteresis field H hyst and the dynamic field H dyn ¼ H c þ H exc ; (Chevalier et al., 1999) . Due to the dependency of V 0 on the induction B a , the dynamic field H dyn depends on B a and dB a /dt, but not on the history of the magnetic field.
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Therefore, for this method, it is sufficient to reconstruct the function H dyn ðtÞ ; H dyn ðB a ; dB a =dtÞ: For the purpose of identification of the function H dyn only B a H s -cycles, measured on Epstein strips at different frequencies, are compared with the quasi-static cycle, similar as in Figure 5 , (Chevalier et al., 1999) . Using neural networks, equation (4) suggests combining two FFNN. One determines the quasi-static BH hyst -loop and the other one yields the dynamic field H dyn (t), for a given B a (t) and dB a =dt as input (Figures 6 and 7) .
Circular or elliptical flux excitations
The case of two-dimensional hysteresis phenomena in the lamination plane is the subject of interest. The field and induction vectors are restricted to vary in this plane and are denoted by HðtÞ ¼ jHðtÞjexpð jf H ðtÞÞ and BðtÞ ¼ jBðtÞjexpð jf B ðtÞÞ: 3.2.1 Statistical loss theory. Irregular two-dimensional flux loci appears in machine cores. The case where one or both components of the two-dimensional polarization of non-sinusoidal functions is considered, i.e. B x ðtÞ ¼ S n B xn sinð2pnft þ f xn Þ (B xp peak value in the x-direction), B y ðtÞ ¼ S n B yn sinð2pnft þ f yn Þ (B yp ¼ peak value in the y-direction). The x-axis is chosen along the main axis of the locus. It is possible to separately predict the unidirectional losses for these two distorted components, see equation (1). It is shown by Appino et al. (1997) that the hysteresis, classical and excess loss under 2D distorted flux conditions are given by: Mayergoyz (1991) , still contain certain limitations. The Mayergoyz model is computationally intensive and not valid for circular magnetization at high induction levels, as it does not predict the correct dependence of the losses on the induction. In this section, the FFNN technique is extended to the modelling of two-dimensional vector hysteresis. Consider an isotropic vector hysteresis system with input B k and output H k at the time point k. As B k is the available parameter to be used as input of the hystersis model during finite element calculations, this presentation is convenient. When the magnetization patterns are restricted to circles and ellipses, the magnetic memory state, and the output H k , can be derived from the known input parameters B k (amplitude jB k j and phase f B k ) at each time point k, the maximum induction magnitude jBj max and the axis ratio a ¼ jBj min =jBj max (with jBj min the minimum induction magnitude), for the corresponding magnetization pattern. The output H k can be presented conveniently by its amplitude jH k j and the phase shift u k between H k and B k . A FFNN with four inputs would thus yield an accurate prediction of the relation between B k and H k for quasi-static elliptical magnetization patterns, for axis ratios a ranging from a ¼ 0 (unidirectional magnetization) to a ¼ 1 (circular magnetization), in isotropic materials :
Dynamic hysteresis or the relation between BðtÞ and H tot ðtÞ is again treated based on the loss separation property of SiFe steels. The quasi-static field H hyst ðtÞ and the dynamic field H dyn ðtÞ; can be associated with the corresponding loss components for each time point t, leading to the following expression for the instantaneous power loss P tot (t) at time t:
Modelling of electromagnetic losses
The quasi-static and dynamic contributions can thus be treated independently from each other, analogous to the unidirectional case (Figure 8 ).
Influence of mechanical stress
The dependence of magnetic properties on mechanical stress during elastic and plastic deformation can be evaluated by means of recently constructed equipment (Lo Bue et al., 2000; Permiakov et al., 2002) . In general, the shape of the magnetization loops is changing during the application of stress, Figure 9 . The coercive field is increasing while the remanent induction and the permeability are decreasing. Figure 10 shows the hysteresis losses as a function of the tensile stress for the magnetization levels of 0.7, 1.0 and 1.2 T and 50 Hz sinusoidal magnetic flux, while Figure 11 shows the variation of the relative permeability B p =m 0 H p for different values of the compressive and tensile stress.
Application of the asynchronous machine at no load 4.1 Separation of losses
The motor, discussed in section 2, was fed by an autotransformer with variable sinusoidal voltage. Eleven voltage levels are applied between 60 and 450 V. Measurements are made after thermal stabilisation. The mechanical losses 
Local loss maps
Knowing the local excitation the material is subjected to, the local losses inside the machine of section 2 were determined. The joint contribution of the local losses was compared with the global losses, measured on the test machine.
Starting from the flux patterns, obtained from the numerical 2D field calculations of section 2, and using the numerical techniques (statistical loss theory, Preisach modelling or FFNN) described in section 3, the local magnetization behaviour and electromagnetic losses in the stator can be calculated. The obtained local iron losses in the four points of Figure 1 for the two supply conditions (sinusoidal supply at 400 V, and invertor supply at fundamental 400 V) are given in Table I . For both supplies and for the four points considered in the stator, three types of calculations are considered. For type 1, we consider only the fundamental of the B-waveform, which is obtained by projecting the local B-locus on the longest axis (reduced sinusoidal unidirectional fluxpattern). Type 2 includes the harmonics of the B-waveform, which is obtained by projecting the local B-locus on the longest axis It is observed that by considering the local losses in each finite element triangle in the stator, the numerical results do not give a good correspondence with the measured iron losses, e.g. for the sinusoidal nominal supply one measures 418 W while 207 W was obtained by computing; for the invertor supply 640 W was obtained by measurements while the computation results in 281 W. Therefore, taking into account higher harmonics and rotational effects, the stator may not be taken to be representative for the evaluation of the iron losses in the machines.
Consequently, the measured iron losses, obtained as described in section 4.1A, even under no load conditions, do not consist of the stator iron losses. The so called "measured iron losses" may not be located in the stator iron. Losses could occur in the rotor cage (rotor joule losses), in the stator frame and in the rotor iron.
The currents in a squirrel cage of an induction motor cause joule losses. Several computations for the different voltage operating conditions were performed and the rotor joule losses in the squirrel cage of the machine never exceeded 10 W. The flux in the stator frame is pulsating with the same frequency as the supply. So losses occur in this conductive part of the motor. The frequencies of the flux pulsations in the rotor laminations are above 1 kHz. Because of the high frequencies we can suppose that the most important losses are the eddy current losses. Considering the losses in the rotor core we obtain a better correspondence between measured and calculated iron losses: sinusoidal supply: 418 W measured versus 342 W computed; invertor supply 640 W measured versus 591 W computed. The discrepancy between the results of the loss separation technique, the Preisach model and the FFNN model is small in comparison with the discrepancy between computed and measured total iron losses (Figure 12 ).
Conclusions
In this paper, numerical techniques based on the statistical loss theory, the Preisach theory and FFNN have been presented to evaluate the iron losses in Table I . Overview loss density in the four points of Figure 1 Modelling of electromagnetic losses the rotating electrical machines. These techniques result in a precise description of the magnetic response of the electrical steel, subjected to unidirectional and rotational field conditions with arbitrary waveform and frequency. These techniques were used to evaluate the local iron losses in electrical machines starting from the local flux patterns, obtained from the 2D numerical field calculations and from the experiments using pick up coils.
Comparing the calculated iron losses with the measured iron losses in electrical machines, one may conclude that a non-negligible discrepancy is observed which must be related to the influence of mechanical stresses in electrical machines on the magnetic properties and the change (deterioration) of the material quality throughout the machine construction. 
